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I. INTRODUCTION

O
VER the past few decades, fiber-optic communications have made significant progress in providing higher transmission capacity with lower cost. The success of the Internet, which already changed human society globally, benefited from the developments in fiber-optics technology. Given the ∼100% per year growth observed in the past few years [1] , Internet traffic is expected to increase by a thousand times in the next ten years, which poses a severe challenge to the present optical network. To scale for future traffic, the optical network needs to handle higher data rates and larger capacity while offering more flexibility. The most promising solution is an optical network that utilizes optical signal processing in the time, wavelength, and space domains. The specific technologies involved are, respectively, optical time-division multiplexing (OTDM) [2] , wavelength, division multiplexing (WDM) [3] , and large-scale H.-F. Chou was with the Department of Electrical and Computer Engineering, University of California, Santa Barbara, CA 93106 USA. He is now with LuminentOIC Inc., Chatsworth, CA 91311 USA (e-mail: Hsu-Feng.Chou@ieee.org).
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Digital Object Identifier 10.1109/JSTQE.2006.887152 photonic cross connects (PXC) [4] . Even though impressive transmission speed and capacity has been demonstrated using OTDM [5] and WDM [6] , many challenges remain ahead for both technologies. For OTDM, it is crucial to develop compact components and subsystems with reduced complexity for practical deployment. On the other hand, the flexibility of WDM networks would be greatly improved if efficient and compact regenerative wavelength converters are available. This paper reviews the design and application of traveling-wave electroabsorption modulators (TW-EAMs) that can provide novel solutions in response to the demands of the future optical networks.
II. TW EAMS AND THEIR UNIQUE PROPERTIES
The electroabsorption modulator (EAM) is a compact, efficient, and integrable component for fiber-optic communications. It utilizes either the Franz-Keldysh effect in bulk material, or the quantum-confined Stark effect in a multiple-quantum-well (MQW) structure to change the absorption of light according to the applied electric field [7] . MQW structures are widely used for their higher modulation efficiency, but the wavelength dependence is generally higher than for bulk material. The general advantages of EAMs over other types of modulators include: 1) a small device dimension, usually on the order of a few hundred micrometers or less; 2) a lower driving voltage due to its highly efficient and nonlinear electro-optical (E-O) transfer function; and 3) the possibility of monolithic integration with other semiconductor components. EAMs with lumped electrodes have been demonstrated to exhibit a small-signal 3-dB bandwidth over 40 GHz [8] .
A critical design issue of the EAM is the tradeoff between the modulation bandwidth and efficiency. The bandwidth of a lumped-electrode EAM is determined by the resistancecapacitance (RC) time constant. To enable high-speed broadband modulation, the active waveguide length (and width) must be short in order to keep the capacitance low. For example, in [8] , a 40-Gb/s device is only 63 µm long and extra-passive optical waveguides are necessary to extend the device size for easier handling. The main concern of a short active length is the reduced modulation efficiency (expressed in dB/V), which can result in a higher driving voltage. In addition, the total extinction ratio is reduced. For broadband modulation, 10 dB of dynamic extinction ratio may be adequate, but for applications like optical gating in OTDM, very high extinction ratios are required. Another issue for a short device is the reduced optical power handling capability, which is particularly critical for radio frequency (RF) photonic links. Fig. 1 . Schematic diagram of a TW-EAM [13] . In our designs, the active waveguide length can vary from 100 to 600 µm and the ground-signal-ground microwave coplanar waveguide feed lines are 500 µm long.
To overcome the tradeoff between bandwidth and device length, EAMs with traveling-wave (TW) electrodes were developed [9] - [15] , where the bandwidth is not limited by lumped RC and the device length can be longer with a higher bandwidth. A typical implementation is illustrated schematically in Fig. 1 . In the TW design, the driving signal propagates through the active waveguide, which is in fact a microwave transmission line. The junction capacitance of the EAM is no longer modeled as a lumped load but becomes distributed, particularly at high frequencies. With a longer device length, the modulation efficiency can be kept high so that only a low driving voltage is required to reach a certain dynamic extinction ratio. For example, 30-dB/V peak modulation efficiency, 1-Vpp (Volt peak-to-peak) driving voltage for error-free 10-Gb/s operation, and 14-dBm optical saturation power have been reported on a 300-µm-long InGaAsP-based TW-EAM [13] . Theoretically, the bandwidth and the useful device length of TW-EAM are only limited by the microwave loss and the velocity mismatch between the lightwave and the microwave, and both determine how long the lightwave can be effectively modulated by the microwave driving signal [16] , [17] . Another limiting factor is the increase of optical scattering loss with device length, which can degrade the insertion loss of TW-EAM. Recently, an undercutetching-active-region waveguide structure was reported to reduce both the optical and the microwave losses by reducing the scattering loss and the cladding layer resistance [18] .
A critical challenge for TW-EAM is a low characteristic impedance of 25 Ω or below in the active waveguide, which causes reflections when driven by a 50-Ω source and limits the modulation bandwidth. The low impedance of the active waveguide originates from the tradeoff between the junction capacitance with several critical device parameters such as optical and microwave losses as well as the driving voltage [16] . Low impedance terminations in the range of 12 Ω to 35 Ω are required to optimize the bandwidth. For example, a bandwidth of 43 GHz was measured on a 450-µm-long device with a 13-Ω termination [14] . One way to increase the device impedance is to use a segmented transmission line design to obtain a composite impedance of 50 Ω [19] . Flat response up to 50 GHz was measured. Another practical solution is to use custom-made low impedance electronics to drive the TW-EAM. A recent development is a dual-depletion-region epilayer designed to reduce the junction capacitance, while keeping all the applied field drop across the MQW region to reduce driving voltage [20] . The reduction of junction capacitance increases the character- istic impedance and reduces the microwave loss and velocity mismatch.
Even though the TW design has been successful in extending the modulation bandwidth, its benefits in applications other than broadband modulation are not fully explored. To make the best use of TW-EAMs in building more compact and efficient subsystems, their unique properties should be explored and utilized. These unique properties include distributed effect due the TW design, generation of photocurrent, and nonlinear and engineerable E-O transfer function. The proper blending of these properties is the basis of TW-EAM-based optical signal processing.
A. Distributed Effect
The most significant implication of the TW design is that there is a finite length inside the TW-EAM, which generates an extra dimension for device optimization. This is particularly true when the operation frequency is raised and the microwave wavelength is comparable to the device dimension. For example, at 40 GHz, the microwave quarter wavelength is around 375 µm inside the TW-EAM reported in [13] , which means that the microwave distribution may not be even across a 300-µm-long active waveguide. As a result, both the interactions in time and in space between the lightwave and the microwave should be taken into consideration. This is known as the distributed effect in TW-EAM [21] .
TW operation can be observed [22] by contrasting copropagation and counterpropagation of the optical and microwave signals (Fig. 2) . The copropagation configuration is preferred in terms of output power and the shortest generatable optical pulsewidth. The difference between the two configurations reduces when the operation frequency or the device length decreases. Nevertheless, even at low frequencies, a longer active waveguide with TW electrode still demonstrates the distributed effect in applications like wavelength conversion and will be discussed in Section V.
B. Photocurrent Generation
EAMs inherently generate photocurrents. The use of an EAM simultaneously as a modulator as well a photodetector has been reported in several scenarios [23] . This is a useful property through which it is possible to combine several functionalities within a single TW-EAM. Note that for applications in broadband modulation, a strong photocurrent inside the active waveguide should be avoided, since it can lead to a reduction of effective voltage supplied to the active region and degrades the large signal dynamic extinction ratio, even before the active region is saturated by a high optical injection [24] .
C. Nonlinear and Engineerable E-O Transformation
The E-O transfer function of an EAM is mainly determined by the material design, and scaled by structural factors such as device length, electrode design, and waveguide geometries. Many efforts have been focused on lowering the polarization dependence by using strain-compensated MQW [10] . A typical EAM E-O transfer function is shown in Fig. 3 on a linear scale, where three transmission regions can be identified: 1) high extinction (< 10%); 2) transition (10% to 90%); and 3) flat transmission (< 90%). In general, the transition voltage should be small to achieve high modulation efficiency and low driving voltage. The slope of the transfer function varies point-to-point due to the nonlinear nature of electroabsorption. Nevertheless, it is possible to find certain points with minimized distortion for high dynamic range RF photonic link [25] . Normally, the voltage at which the transition begins (V H in Fig. 3 ) is designed close to 0 V at the operating wavelength in order to reduce excess heating. However, if V H can be shifted towards higher reverse voltage, more flat transmission region can be utilized without forward biasing the TW-EAM, which is very useful for signal reshaping [26] .
III. GATING OPERATIONS IN OTDM NETWORKS
The most important form of optical signal processing in OTDM networks is optical gating. Specific functionalities include optical pulse generation, demultiplexing, and add-drop multiplexing. Numerous technologies based on fibers, semiconductor optical amplifiers (SOAs), and EAMs have been proposed and demonstrated. Brief reviews can be found in [2] . An EAM is an ideal choice for optical gating, since even a sinusoidal electrical driving signal is sufficient to generate a short gating window due to the highly nonlinear E-O transfer function of the EAM. This is a significant advantage in simplicity over all-optical gates, where an optical pulse source is required in addition to the gate itself. Other advantages include power efficiency, small size, and the ability to monolithically integrate with lasers, amplifiers, and photodetectors. However, to operate at high OTDM bit-rates of 160 Gb/s and beyond, the requirements on gating window width and extinction ratio are stringent and the performance of electrically-driven EAM optical gates needs to be further improved.
There are four factors that determine the gating window shape of an EAM: the modulation efficiency and the total extinction ratio of the device, and the waveform and the amplitude of the driving signal. TW-EAMs can be longer than a lumped EAM and gain advantages in modulation efficiency and total extinction ratio. When a high base rate such as 40 Gb/s is adopted, the available electrical driving signal is most likely just a sinusoidal wave. Therefore, the remaining factor that can be improved is the amplitude of the driving signal.
Since there is typically an impedance mismatch between the low impedance of the TW-EAM and a 50-Ω source, the microwave amplitude in the active waveguide can be smaller than desired. One way to increase the microwave amplitude is to use two microwave amplifiers and drive the device from opposite terminals [27] . For single-frequency operation, this is equivalent to forming a standing wave along the microwave transmission line inside the TW-EAM, where the maximum swing can be doubled in the ideal case. An alternative approach is to generate the standing wave using an open termination instead of an extra amplifier, which is called the standing-wave enhanced mode of TW-EAM [28] .
As can be understood from Fig. 4 , it is crucial to adjust the spatial phase of the standing wave so that the maximum swing happens in the active waveguide. By fitting the measured results with a theoretical model, it is found that getting an even microwave distribution across the active waveguide is as important as increasing the maximum swing [28] . This indicates that at high frequencies, the distributed effect is an important issue. On the other hand, when the spatial phase of the standing wave has been properly adjusted for a specific frequency, the microwave coupling efficiency may not be optimal at the same time due to the fact that the active waveguide has a lower impedance. Techniques such as tuned stubs can be utilized to improve the microwave coupling within a narrow bandwidth [15] , [29] . At lower frequencies where the impedance mismatch problem is not as severe, the standing wave enhanced mode has been shown to reduce the driving voltage by half for 80-to 10-Gb/s demultiplexing [30] .
Short optical pulses can be generated when a continuous wave (CW) is being gated by the TW-EAM, a way of profiling the gating window shape. Fig. 5 shows the results of the 40-GHz optical pulse generation using a standing-wave enhanced TW-EAM (without impedance matching). Optical pulses < 2.5 ps can be generated, indicating the capability of optical demultiplexing from over 160 Gb/s down to 40 Gb/s. Even shorter pulses can be achieved, if the microwave coupling efficiency be improved further. For this particular TW-EAM, the optical insertion loss is hard-limited by 12 dB of optical coupling loss, measured using the approach reported in [31] that utilizes both transmission and photocurrent data. Waveguide structures such as spot-size converters would help to improve the fiber-to-fiber insertion loss [32] . The current 40-GHz TW-EAM pulse source can be multiplexed to 160 Gb/s using alternating-polarization multiplexing, which requires ≤ 3 ps pulses [33] . However, for single-polarization multiplexing, ≤ 2 ps pulses are needed and nonlinear pulse compressions would be required with the present performance [34] .
When the repetition rate (OTDM base rate) of the optical gate is lower, the electrical driving signal itself can be pulsed, which contains higher frequency harmonics. For example, when a 20-GHz sinusoidal wave is added in phase to a 10-GHz wave, the result is a 10-GHz pulse-like signal sharper than the original 10-GHz wave. Using a 10-GHz and a 20-GHz sinusoidal wave to drive the TW-EAM from opposite electrical ports, the optical gating window can be shorter than 5.7 ps, which enabled 160-to 10-Gb/s single-stage demultiplexing with 1-dB power penalty [35] . This technique is more difficult to implement at higher base rates like 40 Gb/s, since even the first harmonic is as high as 80 GHz.
An interesting development of TW-EAM-based optical gate is the monolithic integration of a surface illuminated unitraveling- carrier photodiode (UTC-PD) and an in-plane TW-EAM [36] . The TW-EAM is directly driven by the photocurrent signal from the UTC-PD and operates like an all-optical device. Since there is no external microwave connection, the impedance of the microwave transmission lines inside the device can be matched to that of the TW-EAM in order to reduce multiple reflections. A 320-to 10-Gb/s optically-gated demultiplexing was demonstrated with 800-fs control pulses [37] . This is another example of the harmonic driving technique mentioned above, since a rich amount of harmonics is excited by the short control pulse. It is essential that the electrical bandwidth of the interconnect between the UTC-PD and the TW-EAM be sufficiently high to support many harmonics. Other optically-controlled gating operations such as retiming, sampling, and wavelength conversion have also been demonstrated with such a device [36] .
OTDM add-drop multiplexing requires an additional gating window that is complementary to that of demultiplexing; instead of transmitting a certain channel, it removes one while bypassing all the others, which is termed as a "through gate." All-optical polarization rotation techniques based on fiber or SOA is an elegant way to implement both gates simultaneously [38] , [39] . Electrically-driven EAMs can provide the two gates individually and was originally demonstrated with a 40-Gb/s line rate and 10-Gb/s base rate [40] . As shown in Fig. 6 , the gating window shape of the EAM can switch between the two states, drop and through, simply by changing the bias point. However, there must be a wide enough flat transmission region to clamp the top of the gating window when the driving signal is a sinusoidal wave. This ensures that the through channels are reasonably equal after passing the gate. Scaling such operations to 160-Gb/s is demanding. It is easier for electrically-driven EAMs to meet these requirements with a 40-Gb/s base rate, since the duty cycle can be relaxed by four times as compared to that with a 10-Gb/s base rate. Using two optimized standing-wave enhanced TW-EAMs, a contrast ratio of 21.6 dB and a gating window of 11.7 ps was measured for the through gate, while the window width is 5.2 ps for the drop gate. Error-free operation on all channels is achieved with an average power penalty of 1 dB [41] . This is by far the only demonstration of semiconductor-based add-drop multiplexing with a 40-Gb/s base rate. It still remains a challenge to operate SOA-based approaches with a 40-Gb/s base rate due to the slow carrier 
IV. CLOCK RECOVERY
In digital communication, clock recovery is essential to acquire synchronization at a network node or at the receiver end. Electronic phase-locked loop (PLL)-based clock recovery is a mature and widely used technique to recover a low-jitter clock. However, there are two major challenges: 1) in an OTDM signal, the clock tone is at the line-rate frequency, which is inherently out of the reach of electronics and 2) the lock acquisition time may not be fast enough for burst mode or packet signals, especially at 40 Gb/s and above.
Many all-optical or optoelectronic techniques have been developed in recent years to deal with these challenges. All-optical injection-locking techniques based on integrated semiconductor devices are very attractive for their small dimension and high-speed potential [42] , [43] . For instance, a mode-locked laser diode can be injection-locked by an optical 160-Gb/s return-to-zero (RZ) signal and generates 160-GHz optical clock pulses [42] . This type of clock recovery is ideal for high-speed all-optical amplitude, reshaping, and retiming (3-R) regeneration at the line rate [44] . It is relatively difficult for these all-optical injection-locked approaches to lock at the base rate, because subharmonic tones are either not present or very low in an OTDM signal. Unfortunately, base-rate clocks are essential for demultiplexing and add-drop multiplexing. Assistive techniques can be used to improve the performance but at the expense of increased complexity [45] , [46] .
In terms of subharmonic clock recovery, a more commonly used approach is the combination of an optical demultiplexer and an electronic clock recovery that operates at the base rate [47] , [48] . The concept of this scaled OTDM clock recovery is depicted in Fig. 7 . In this approach, the optical demultiplexer brings the line-rate signal down to the base rate, at which the electronic clock recovery is able to handle. However, the demultiplexer is driven by the clock recovered by the electronic clock recovery. This extra feedback loop makes the locking acquisition process more complicated than that of the original base-rate operation. Assuming that the electronic clock recovery circuit is a standard PLL, a theoretical model can be developed to study the phase-locking dynamics [49] . The results show that: 1) there exists an optimal demultiplexing window width that optimizes the lock-in range; 2) the optimal lock-in range is inversely proportional to the number of multiplexing; and 3) with an optimal demultiplexing window width, the average lock-in time is independent of the number of multiplexing, but dependent on the ratio of frequency detuning to the lock-in range. In short, the best possible performance can be achieved when the demultiplexing window width is chosen properly. For example, if the signal pulsewidth is 50% of the line-rate bit-slot, the optimal demultiplxing window width is around 37%. To scale to a very high line rate, the stability of the base-rate oscillator is critical, since the lock-in range is considerably reduced and very little drift in frequency can be allowed. Variations of this approach using balanced detection are also reported [50] - [52] .
A reverse-biased EAM can be used as a photodetector to enable simultaneous functions. Fig. 8 shows an implementation of the scaled OTDM clock recovery [53] illustrated in Fig. 7 . The PLL circuit takes the 40-Gb/s photocurrent signal detected by TW-EAM 1 and recovers a synchronized clock at 10 GHz, which is then multiplied to 40 GHz to drive a 160-to 40-Gb/s demultiplexer (TW-EAM 2, standing-wave enhanced). The recovered 10-GHz clock has a low jitter (224 fs) close to that of the transmitter clock (216 fs). The unique part of this setup is that the recovered 10-GHz clock can be fed back into TW-EAM 1 from another electrical port to drive it as an optical gate for 40-to 10-Gb/s demultiplexing and 10-GHz optical clock generation. The applied 10-GHz electrical clock is filtered out at the input of the PLL and does not interfere with clock recovery. As a result, three simultaneous functions, electrical and optical clock recovery, as well as demultiplexing are realized at the same time using a single TW-EAM. The power penalty for using the recovered clock is less then 0.5 dB, measured on the demultiplexed 10-Gb/s signal.
As illustrated in Fig. 9 , a further evolution of TW-EAM-based clock recovery is the construction of an electrical ring oscillator using a TW-EAM as part of the ring [54] , which requires fewer components than PLL-based clock recovery. The clock synchronization is achieved by injection-locking the ring oscillator using the photocurrent signal generated by the TW-EAM. The oscillating electrical clock not only can be tapped for external use but also drives the TW-EAM into a synchronized optical gate, capable of providing synchronous modulation [55] in a very compact fashion. Furthermore, a synchronized optical clock can be obtained if a CW at another wavelength is coupled into the TW-EAM at the same time. When followed by an amplitude and reshaping (2-R) regenerative wavelength converter, this clock recovery subsystem can eliminate the need of an extra optical pulse source and additional timing adjustment between the clock and the signal for optical 3-R regeneration [56] .
A theoretical model has been developed to describe this type of injection-locked clock recovery [56] , [57] . It is found that the clock acquisition time depends closely on the physical length of the ring. Therefore, hybrid integration of TW-EAM, microwave amplifier, and high-Q filter is necessary for clock recovery in asynchronous 40-Gb/s packet switching [58] . A 40-GHz clock with 643 fs of jitter can be recovered within less than 3 ns, showing two-orders-of-magnitude improvement from the previous discrete version [57] .
V. WAVELENGTH CONVERSION AND REGENERATION FOR WDM NETWORKS
The need for wavelength converters has grown significantly as the WDM network evolves. The trend of research in the past decade has been focused on the study of all-optical approaches based on nonlinearities in fibers, crystals, SOAs, and EAMs. Conversion speeds up to 640 Gb/s have been demonstrated using four-wave mixing in highly nonlinear fibers [59] . Nevertheless, while fiber-based approaches have the advantage in speed, semiconductor-based ones are very attractive for their smaller dimension and integrability. Specifically, those with monolithically integrated tunable lasers may provide the highest level of compactness [60] , [61] . All-optical wavelength converters operating at 40 Gb/s are of particular interest in recent years, since field deployment of WDM networks with 40-Gb/s electrical time-division multiplexing (ETDM) technologies is becoming a reality, and conventional optical-electrical-optical (O-E-O) type of wavelength converters are not yet fully matured at such bit rate, especially in terms of cost, size, and power consumption.
Both cross-absorption modulation (XAM) and cross-phase modulation (XPM) of an EAM can be utilized to implement alloptical wavelength conversion. XPM-based approaches have been demonstrated up to 100 Gb/s but require an extra delayedinterferometer [62] . On the other hand, XAM-based approaches are simpler, but only demonstrated up to 40 Gb/s [63] .
Conventionally, EAMs with lumped electrodes are used, where the mechanism behind XAM is the saturation of absorption due to a large number of carriers generated by a strong input signal, which causes field screening and band-filling effects. In such a saturation mechanism, a considerable amount of carriers must be generated to produce an appropriate extinction ratio. This imposes a requirement for very high input power and RZ signal format with a short pulsewidth. On the other hand, to enable high-speed operation, these carriers must be swept out of the active region to recover the absorption as fast as possible. Unfortunately, the sweep-out time increases with the number of carriers, which limits the operation speed [64] . If the active material of the EAM is designed to saturate easily so that the carriers required to reach saturation is lowered, the carrier escape time tends to be longer in such structures and the operation speed is still limited. As a result, EAM-based XAM wavelength converters using the saturation mechanism have inherent tradeoffs between speed, extinction ratio, and input power.
However, when a TW-EAM is used for XAM-based wavelength conversion, there is another mechanism available in addition to absorption saturation. As shown in Fig. 10 , since a TW-EAM is longer than a lumped EAM, the active waveguide can be considered as consisting of a photodetector followed by a modulator to the first order of approximation. When a strong input signal is coupled into the TW-EAM, it gets absorbed quickly by the first part of the active waveguide (the "photodetector part") and generates photocurrent signals propagating along the TW electrodes in both directions. The counterpropagating signal can be terminated or reflected, depending on the termination impedance. The copropagating signal passes through the second part of the active waveguide (the "modulator part") and changes the absorption of CW light at another wavelength. As a result, the information can be transferred from λ1 to λ2 without the need to saturate the TW-EAM, and consequently, free from the tradeoffs in MQW design. The photocurrent signal can subsequently be detected outside the device for signal monitoring purposes, adding an extra functionality to this approach. Since this XAM mechanism is enabled by photocurrent, this type of wavelength conversion is called photocurrent-assisted wavelength conversion (PAW-conversion).
The existence of the photocurrent-assisted mechanism can be verified by switching the termination of the TW-EAM between a 50-Ω oad and an open termination. It is observed that the extinction ratio of the converted optical signal is increased with an open termination. This is due to the fact that the photocurrent signal that propagates through the "modulator part" is doubled by using an open termination [65] . In an ideal case, the counterpropagating photocurrent signal should be entirely reflected and added in phase with the copropagating tributary so that the maximal conversion efficiency can be obtained. This can be done by placing an open termination right at the optical input port.
In reality, the absorption and remodulation processes happen gradually and simultaneously along the active waveguide. A full description would require a continuously distributed model, as opposed to the first-order approximation illustrated in Fig. 10 . However, if the input signal is absorbed within a short distance (typically > 90% within 100 µm), the first-order approximation is valid in general, and a numerical model that is based on it matches well with the experimental results [49] . Note that the photocurrent-assisted mechanism is another form of distributed effect that exists even at low frequencies.
It is experimentally measured in [65] that the saturation mechanism may also exist in TW-EAM, which contributes to the extinction ratio but leads to a longer carrier sweep-out time, and consequently, a reduced photodetection bandwidth. PAW-conversion was thus limited to 2.5-Gb/s nonreturn-to-zero (NRZ) operation in the original demonstration [65] . However, it is worth noting that EAM-based wavelength converters utilizing only the saturation mechanism require RZ signals with <10% duty-cycle pulses. This is due to the need of a high peak power for saturating the absorption, and also to allow time for absorption recovery between pulses. The operation speed of PAW-conversion can be further improved in two parallel ways: one deals with the fundamentals that limit the speed, while the other uses assistive means to reduce the penalty for RZ signals, which also adds extra regenerative capabilities. They are described below individually.
A. Improvements for 10-Gb/s NRZ PAW-Conversion
The most critical bottleneck of speed is the carrier escape time from the MQWs in the "photodetector part" of the active waveguide. To reduce the carrier escape time, a new generation of TW-EAM with shallower MQWs was fabricated. The material structure is compatible with the integration platform reported in [61] , which means that high-level integration with a tunable laser and SOAs are technically feasible.
The 10-Gb/z NRZ eye diagrams detected by the two generations of TW-EAM are shown in Fig. 11(a) and (b) , where the bias voltages are chosen to optimize the wavelength converted signal. Note that all the MQW barrier heights are reduced in the new generation and the detected eye is greatly improved compared to that of the previous generation. The E-O transfer function of the new generation shown in Fig. 11 (c) also possesses two favorable properties: 1) the transition region is shifted so that the reverse bias can be set higher, which further shortens the carrier sweep-out time and 2) there is a much wider flat transmission region to reshape the converted signal through the E-O transformation, which is the same property required for generating the through gate for add-drop multiplexing [ Fig. 6(b) ].
The microwave terminations also need to be refined to speed up PAW-conversion. First, an open is located at the optical input end of the active waveguide so that the photocurrent travels in the copropagating direction with full strength. Secondly, a 50-Ω arallel resistor is added to the end of the active waveguide, which helps to match the impedance of the external circuit (50 Ω) to that of the active waveguide (< 25 Ω). These arrangements are very similar to the design of a high-speed photodetector. In addition, the device length of 350 µm is optimized to balance between the E-O transfer function shape and the electrical bandwidth (limited by the multiple reflections due to residue impedance mismatch). Fig. 12 shows the eye diagrams and the bit-error-rate (BER) curves of PAW-conversion using the 350-µm-long TW-EAM with shallow MQWs. With a 50-Ω matching resistor, the power penalty is as low as 0.1 dB for 10-Gb/s NRZ conversion. Note that the eye opening of the converted optical signal is better than that of the detected electrical signal due to the properly engineered nonlinear E-O transformation.
B. RF-driven PAW-Conversion
If an RZ signal is to be converted, the speed of PAWconversion not only can be increased by the improvements described above, but also by an assistive technique that involves feeding back a synchronized electrical clock. This RF-driven technique was originally proposed in [66] to reshape and retime the RZ signal that is converted using a saturation-based EAM wavelength converter. However, the regeneration performance can be even stronger when used with PAW-conversion [67] .
The principle of RF-driven PAW-conversion can be explained in Fig. 13 . The challenge of converting an RZ signal is that the response of the TW-EAM as a photodetector may not be fast enough to resolve the pulse shape and causes distortions such as a long falling tail in the photocurrent signal. As shown in Fig. 13(a) , the converted signal carries essentially the same distortion, resulting in excess power penalty. An easy cure is to increase the reverse bias so that only the peak of the input signal is strong enough to open up the transmission. However, this would require a stronger input power and/or a shorter pulsewidth, which can be inefficient and shorten the lifetime of the device. The RF-driven approach works in a more dynamic way. As shown in Fig. 13(b) , the photocurrent signal adds in phase with an applied strong sinusoidal clock signal and the long tails of the converted signal can be pulled down. The noise between bits is also suppressed. The shape and timing of the converted signal can be refined by the sinusoidal clock, while information is transferred from the input signal by the photocurrent. As a result, retiming and lateral reshaping can be obtained. In addition, the bias voltage can be increased without the need to increase the optical input power, which helps the carrier sweep-out process.
Vertical reshaping can also be realized through utilizing the nonlinear E-O transfer function of the TW-EAM. Fig. 13(b) shows that the mark level can fall in the flat transmission region of the transfer function so that noise and fluctuations in the mark can be compressed through the nonlinear E-O transformation. On the other hand, as long as the electrical eye opening ∆V is large enough so that the extinction ratio of the converted signal ∆T is better than that of the degraded input signal, noise in the space level can be reduced in the converted signal. In other words, vertical reshaping is achieved by redistributing noise through the step-like nonlinear E-O transformation.
This RF-driven approach is able to reduce the power penalty of 10-Gb/s RZ PAW-conversion from 7.5 dB down to 1 dB, even when the original deep MQW TW-EAM is used [67] . This clearly demonstrated the effectiveness of the RF-driven approach. In addition, it is demonstrated that the jitter of the converted signal can be reduced by 50% when compared to a stressed input signal, which agrees qualitatively with the numerical simulation [49] .
The electrical clock required by the RF-driven PAWconversion can be provided externally by a clock recovery unit through a properly adjusted delay. However, if the TW-EAM-based injection-locking clock recovery concept (illustrated in Fig. 9 ) is merged with the RF-driven PAW-conversion, a very compact 3-R regenerative wavelength converter shown in Fig. 14 can be realized [68] . Only one TW-EAM is necessary for simultaneous clock recovery, wavelength conversion, and regeneration. It is demonstrated that this compact setup has only 0.3 dB of power penalty for converting a clean 10-Gb/s RZ signal (using the deeper MQW TW-EAM). When injected with a degraded input signal (low extinction ratio and stressed jitter), 1 dB of negative power penalty can be obtained and the jitter is reduced after conversion. The phase between the recovered clock and the input signal is automatically aligned by the injection-locking. The jitter of the recovered clock implicitly depends on the photodetection bandwidth of the TW-EAM due to the simultaneous operation of the RF-driven PAW-conversion and the injection-locking clock recovery. A detailed analysis can be found in [49] .
RF-driven PAW-conversion can be a compact regenerative wavelength converter, but there are two major challenges: 1) the regenerative strength is only moderate and has fundamental limitations on signals with more severe amplitude noise [49] and 2) a tunable optical filter is required, which is a less matured component for high-level monolithic integration. A modified O-E-O style usage of TW-EAM can overcome these issues, which will be discussed below.
The most valuable property of EAM for strong signal regeneration is its highly nonlinear and engineerable E-O transfer function, which is capable of compressing the noise and fluctuations on the mark and space levels. Fig. 15 shows a TW-EAMbased 3-R regeneration [26] setup that resembles a conventional O-E-O style of regenerator/wavelength converter. The most significant difference is that electronic signal processing circuits are not necessary since the signal is reconditioned by the transfer function of the TW-EAM, which simplifies the configuration and may reduce power consumption. Tunable optical filter is not necessary, since the input and output optical signals are isolated by electronics. This also means that the same input and output wavelength is allowed without adding another stage of wavelength converter. However, a strong driving voltage provided by electrical amplifiers is required so that the "steps" (the flat transmission and high extinction regions indicated in Fig. 3) of the E-O transfer function can be utilized for reshaping. Successful regenerations of amplified spontaneous emission (ASE) noise degraded signals have been demonstrated [26] . Numerical simulations predict that the current implementation is capable of very large number of cascades without deterministic breakdown of pulse shape [49] . Cascadability is a critical requirement in WDM networks, since a signal may need to be wavelength converted many times before reaching the final destination.
Advancements in integration technology have made it possible to integrate tunable transmitters and receivers on a single chip for wavelength conversion [61] , where the EAM is directly driven by the photodetector, similar in concept to the optical gate used for OTDM gating [36] . The electrical amplifier needed for providing the voltage gain can ideally be replaced by SOAs so that hybrid integration is not required for compactness [61] . However, this would impose a higher demand on the power handling capability on the photodetector. Further reduction of transition voltage of EAM may help to relax this issue. Recent 40-Gb/s operation of integrated transmitters [69] indicates the very promising potential of these integrated O-E-O style (OEIC) wavelength converters for applications in 40-Gb/s per channel WDM networks.
VI. CONCLUSION
The recent developments and applications of TW-EAMs for OTDM and WDM networks are reviewed, with special focus on exploring and utilizing the device-level properties to provide novel solutions to meet system-level demands. Many of the device properties can also be found in lumped EAMs but the TW electrode design does distinguish TW-EAMs in terms of improving the gating performance and enabling novel and simultaneous functionalities. Fig. 16 summarizes most of the TW-EAM applications discussed in this paper, and the evolution and relation of technologies.
Looking forward, there are still challenges ahead for TWEAMs and in their applications. The impedance mismatch between the active waveguide and driving electronics is the main issue that limits the bandwidth. This can be improved by new epi materials or by using lower impedance driving electronics, which may require custom design. The second issue is to reduce the insertion loss of TW-EAMs, especially those originating from optical coupling. Waveguide spot-size converters and high-level integrations are both possible solutions.
For OTDM gating operations, the current standing-wave enhanced TW-EAMs are capable of 4:1 demultiplexing and adddrop multiplexing with a 40-Gb/s base rate, which corresponds to a line rate of 160-Gb/s. If the microwave coupling efficiency can be improved by increased characteristic impedance or impedance-matching techniques, operations at a 320-Gb/s line rate should be feasible. On the other hand, when the electrical bandwidth is sufficient, adding a harmonic at 80 GHz would help to shorten the gating widow width. One advantage of electrically-driven EAM gates is that it scales with the advancement of electronics while providing a compact configuration.
For applications in wavelength conversion in WDM networks, several variations of PAW-conversion are capable of providing compact and multifunctional solutions. With properly engineered material and microwave terminations, high-performance 10-Gb/s NRZ conversion has been achieved. Scaling the speed to 40 Gb/s has not been reported yet, but is very promising, especially with the RF-driven approach. The simultaneous operation of clock recovery and regenerative wavelength conversion using a single TW-EAM is an excellent example of reducing subsystem complexity using device-level properties. The recent advancement in photonic integration is critical to revive O-E-O style of wavelength conversion and regeneration. Up to 40-Gb/s single-chip tunable wavelength converters are very likely to mature in the coming years. However, for strong 3-R regeneration capabilities, it is not clear yet if it can be achieved without the aid of electronics (amplifiers at least). 
